The Andes-endemic Barnadesioideae plant lineage is the oldest surviving and phylogenetically basal subfamily of the Asteraceae (Compositae), a prolific group of flowering plants with worldwide distribution (~25,000 species) marked by a rich diversity of sesquiterpene lactones (STLs).
INTRODUCTION
Sesquiterpene lactones (STLs) comprise a large collection of highly functionalized cyclic C15-isoprenoid plant metabolites routinely used as markers in chemotaxonomic studies of the Asteraceae (Compositae) [1, 2] , a prolific group of land plants first appearing in South America around 50 million years ago [3, 4] . Although simple germacranolide STLs are sporadically found in other angiosperm families (Magnoliaceae, Lauraceae, Cupressaceae, and Apiaceae), only in the Asteraceae have STLs been retained as major secondary metabolic constituents throughout the diversification of the family. Consequently, the biosynthesis, chemical and structural diversity, and varied physiological properties of STLs [5] are often linked to the evolutionary adaptive success of the Asteraceae family outside South America. The Asteraceae stands as one of the largest families of present day plants comprising 13 subfamilies, 17 tribes, 1,600 genera and more than 24,000 species worldwide [6] . Among subfamilies, comprehensive molecular phylogenetic analysis based on chloroplastidic DNA data [7] place the single Barnadesieae tribe of the Barnadesioideae subfamily at the phylogenetic base of the currently known Asteraceae. The current taxonomy ( Figure 1A ) was deducted [6, 8] after the discovery of a unique large (22 Kb) inversion in the chloroplastidic genomes of all other Asteraceae subfamilies but the 9 genera of the Barnadesioideae, which appears to retain a plesiomorphic form of chloroplast DNA found in angiosperm ancestors [9] . The absence of this uniquely modified form of plastidic DNA distinguishes the Barnadesioideae from the rest of the Asteraceae, suggesting all other subfamilies could indeed have risen from within the resulted evolutionary gap. Notably, in contrast to the worldwide distribution and outstanding secondary metabolite chemistry of STL-producing subfamilies, the ~90 species (9 genera) comprising the Barnadesioideae, the oldest surviving lineage of the Asteraceae, are geographically constrained to the South American Andes. More importantly, only ubiquitous C30 plant triterpenes and/or simple flavonoids (pigments) have been found in the exudates of the ~45 Barnadesioideae species (Barnadesia, Chuquiraga, Dasyphylum, and Schlechendhalia) chemically surveyed so far [1, 10] .
The apparent absence of STLs in Barnadesioideae, along with most other characteristic types of natural products found in all other derived groups, could be taken to indicate the absence of the requisite biosynthetic enzymes in the basal lineage of the Asteraceae. Since much of the rich and complex chemistry of the Asteraceae tribes appears to have emerged after splitting from the basal ancestor, the appearance of the present-day chemotaxonomic STLs most likely constitutes an apomorphy for the non-Barnadesioideae subfamilies. Costunolide is thought to be the central precursor of the vast structural diversity (germacranolides, elemanolides, eudesmanolides, and guainolides) of STLs in the Asteraceae [11] . At the biochemical level, the synthesis of costunolide requires the enzymatic activity of a class I terpene synthase, germacrene A synthase (GAS), which catalyzes the cyclization of farnesyl pyrophosphate (FPP) to germacrene A [12] . This is followed by the sequential cytochrome P450 monooxygenases-catalyzed oxidations of germacrene A at C12 by germacrene A oxidase (GAO) to form germacrene A acid (GAA), and at C6 by costunolide synthase to form 6α-hydroxy GAA, which is spontaneously converted to costunolide [13, 14] ( Figure 1B) . Intriguingly, the identification and functional expression of a GAO in Barnadesia spinosa (BsGAO) [15] suggests at least part of the STL pathway already exists in the phylogenetic base Barnadesioideae. This observation prompted our further investigation into the presence of GAS in B. spinosa. Here we report the discovery of two paralogues of terpene synthase cDNAs from B.
spinosa. Using metabolically engineered yeast and in vitro biochemical assays, we demonstrate the encoded recombinant enzymes were bona fide GAS enzymes by direct comparison to the homologues from lettuce (Lactuca sativa) and Artemisia annua. This result demonstrates that the basal lineage of the Asteraceae encodes two paralogues of GAS which catalyze the first committed step in STL biosynthesis. In light of phylogenetic analysis, this result suggests that GAS enzymes evolved prior to the divergence and global dispersal of the modern Asteraceae.
Material and methods

Identification and cloning of terpene synthases from B. spinosa
L. sativa germacrene A synthase 2 (LsGAS2 aka LTC2, or AF489965) was used as a BLAST query to identify putative GAS in B. spinosa using the available EST database on NCBI. The BLAST search rendered four putative GAS ESTs which cover the translated sequences sharing higher than 60% identity to that of LsGAS2. These ESTs included GE549025 (clone 1, 83% identity), GE549584 (clone 2, 71% identity), GE536704 (clone 3, 68% identity), and GE523822 (clone 4, 70% identity), and their corresponding clones were ordered from the Arizona Genomics Institute.
After full-length sequencing of the ordered clones, clones 1, 2, and 3 were shown to constitute a single contiguous sequence that did not overlap with that of clone 4. These sequences were thus named BsGAS1 (clones 1-3) and BsGAS2 (clone 4). Since both 5′-and 3′-end sequences for BsGAS1 and BsGAS2 were not available, their full-length sequences were isolated using the SMART RACE cDNA Amplification Kit (Invitrogen) using the nested primers listed in Table S1 (primers 1-8; all primer sequences are given in Table S1 hereafter).
Identification of a third GAS isoform (LsGAS3) in L. sativa.
A new putative germacrene A synthase isoform from lettuce (LsGAS3) was identified using the sequence of BsGAS1 as query to search in the PhytoMetaSyn's Illumina-sequencing transcriptomic database [16, 17] . This search resulted in a full-length cDNA sharing 80.5% identity with BsGAS1 upon translation. LsGAS3 was amplified from lettuce cDNA using the primers 9/10.
The amplicon was cloned into pGEM T-easy vector and sequenced.
Microbial Expression and kinetic analysis of recombinant BsGAS and LsGAS
2.3a Production of sesquiterpenes in yeast:
BsGAS1/2 genes were amplified using the primers 11/12 (BsGAS1) or primers 13/14 (BsGAS2). The corresponding amplicons were subsequently digested with BamHI and XhoI, and inserted into their respective sites in pESC-Leu2d [18] . The resulted plasmids were transformed to EPY300 [19] . Sesquiterpene products were trapped in dodecane and analyzed by GC-MS as previously described [20] .
2.3b Expression of sesquiterpene synthases in E. coli: For bacterial expression, pDONR207
(Invitrogen) and pH9GW were used as the Gateway entry vector and destination vector, respectively. For protein expression, destination vector plasmids were transformed to BL21 (DE3).
Cell cultures were grown at 37C in Terrific Broth (TB) complemented with kanamycin (50mg/mL). Protein expression was induced, at OD600nm ≥ 0.8, with 0.1mM IPTG. The cultures were incubated with shaking for a further 5 h at 20C. Cells were harvested by centrifugation. Cell pellets were re-suspended in 50 mL of buffer A (50 mM Tris-HCl, 50 mM glycine, 5% glycerol, 0.5 M NaCl and 20 mM imidiazole, pH8), complemented with an EDTA-free protease inhibitor tablet. The cells were lysed, and the clarified lysate was loaded onto a FPLC apparatus for a twostep purification using a 5mL Ni 2+ -immobilized metal ion affinity chromatography column (HisTrap™ HP), equilibrated with buffer A, and an S200 26/60 Sephadex Gel filtration column equilibrated with 20 mM HEPES, 0.15 M NaCl, at pH7.5. Fractions containing purified protein were quantified using the Bradford assay, and protein purity was verified with SDS-PAGE.
2.3c
Kinetic characterization: Kinetics were performed using the malachite green assay as previously described [21] , using 96-well flat bottomed plates. The reaction was allowed in a total reaction volume of 50 µL consisting of malachite green assay buffer (25 mM MES, 25 mM CAPS, 50 mM Tris, 2.5 mU inorganic pyrophosphatase from C. cerevisiae, 5 mM MgCl2 at pH 7), and serial dilutions of unlabeled farnesyl diphosphate FPP (100 to 1.6 μΜ). AaGAS, LsGAS2, BsGAS1, and BsGAS2 were added to final concentrations of 0.015, 0.025, 0.020 and 0.030 μM, respectively. Standard curves of monophosphate (Pi) and pyrophosphate (PPi) (50 µM to 0.01 µM)
were generated using serial two-fold dilutions in malachite green assay buffer without FPP.
Reactions were set up on ice in triplicate and incubated at 23 
Phylogenetic analyses
A total of 28 terpene synthases including 23 GAS from across Asceraceae subfamilies (21) and non-Asteracea taxa (2), Solidago candensis germacrene D synthase, Gossipium arboretum -cadinene, Nicotiana tobacum 5-epi-aristolochene, and a monoterpene synthase were used for phylogenetic analysis ( Table 2 ). The phylogeny of germacrene A oxidases (GAOs) was constructed using the sequences GAOs from L. sativa (LsGAO, GU198171), Helianthus annuus (HaGAO, GU256646), Saussurea lappa (SlGAO, GU256645), B. spinosa (BsGAO, GU256647),
Cichorium intybus (CiGAO1, GU256644; and CiGAO2, HQ166835), and Tanacetum parthenium (TpGAO, KC964544). Premnaspirodiene oxygenase (HPO, EF569601) and 5-epi-aristolochene dihydroxylase from Nicotiana tabacum (EAH, AF368376) were also included in the GAO phylogenetic analysis. Sequences were aligned using the ClustalW algorithm with BLOSUM matrix. The phylogenetic trees was constructed based on the maximum likelihood method using the software MEGA 6.0 [22] . Bootstrap analysis was performed with 1,000 replicates to evaluate the statistical significance of each node.
Results and Discussion
Isolation of two GAS paralogues from Barnadesia spinosa
To investigate the presence of candidate GAS enzymes in B. spinosa, we used LsGAS2 (Accession 
In vivo assessment of B. spinosa GAS enzymes
To examine the catalytic specificity of the enzymes encoded in BsGAS1 and BsGAS2, open reading frames of the respective cDNAs were placed under the control of Gal10 promoter and expressed in EPY300, a Saccharomyces cerevisiae yeast strain engineered to produce an elevated level of FPP endogenously [20] . As a control and standard, the previously characterized LsGAS2 was expressed in parallel. C15-isoprenoid volatiles from the culture were trapped with dodecane overlay and subsequently analyzed by gas chromatography-mass spectrometry (GC-MS). While the empty plasmid-transformed yeast only produced farnesol, an FPP product by an endogenous phosphatase activity, the yeast expressing BsGAS1 or BsGAS2 showed a single GC peak at ~16 min ( Figure 2) .
Inspection of the EI mass spectra showed a parental ion with m/z value of 204 and main fragments including those with m/z values of 189, 161, 147, 93, and 68. Comparison of the fragmentation patterns revealed that the major compound from BsGAS1-or BsGAS2-expressing yeast were identical to each other, to published spectra from previously characterized GASs [12, 23, 24] , and to the germacrene A standard from the LsGAS2-expressing yeast.
Kinetic characterization of BsGAS1 and BsGAS2
To assess the catalytic efficiency of B. spinosa GASs, recombinant BsGAS1 or BsGAS2 enzymes were produced and purified from Escherichia coli as N-terminal histidine tag fusions. In parallel, lettuce GAS (LsGAS2) and Artemisia annua GAS (AaGAS) recombinant enzymes were prepared in an identical manner. The kinetic parameters of LsGAS2 and AaGAS enzymes have not been determined in previous studies. Known and fixed concentration of purified GAS enzymes were incubated with varying concentrations of FPP, and Km and kcat values were determined from Michaelis-Menten kinetic plots inferred from measuring the formation of pyrophosphates in the reaction solutions. Catalytic efficiency of LsGAS2 recombinant enzyme was the highest among four GAS enzymes (Table 1) . Intriguingly, BsGAS1/2 and AaGAS enzymes showed comparable catalytic efficiencies to LsGAS2. These results indicate that B. spinosa and A. annua GAS retain potent GAS activity comparable to LsGAS2, although germacrene A-derived STLs have not been found from these two plant species.
Phylogenetic analysis of BsGAS1 and BsGAS2
To define the evolutionary relationship between the two paralogous GASs from B. spinosa and the broader collection of identified GAS enzymes, we constructed a phylogenetic tree ( Figure 3A , Table 2 ). Inspection of the phylogenetic tree clearly indicates that GASs do not form a monophyletic group, suggesting convergent evolution for the germacrene A-synthesizing sesquiterpene synthases in the plant kingdom. However, most of the known GASs from the Asteraceae form a tight monophyletic group with the exception of GAS from Canadian goldenrod (Solidago canadensis). This result indicated that these GASs are descendants from a common ancestor in the Asteraceae. Of particular interest is that BsGAS1 and BsGAS2 fall into two distinct clades of GASs in the Asteraceae family as supported by strong bootstrap values ( Figure 3A ).
BsGAS1 forms a cluster, named clade I, which includes GASs from chicory (Cichorium intybus)
and Ixeris dentana, both of which belong to the Cichorieae tribe of the Cichorioideae subfamily.
BsGAS2 forms another distinct group, named clade II, with other GASs from the Asteroideae, Cichorioideae, and Carduoideae subfamilies ( Figure 3A ). This result implies that clade-I GASs are retained in the Cichorieae tribe of the Cichorioideae subfamily but seem to disappear in other subfamilies, which constitutes the vast majority of the Asteraceae family.
In lettuce, both of the GAS paralogues previously characterized by Bennett et al. (2002) are in clade II. As lettuce is a member of the Cichorioideae subfamily, we hypothesized that there exists at least another clade-I GAS paralogue in this species. Using the clade-I BsGAS1 as query to search in the recently-released transcriptomic databases of medicinal plants [16] , we identified a putative germacrene A synthase that shares 80.5% and 94.2% sequence identity with BsGAS1
and CiGASl, respectively. This new lettuce GAS paralogue was named LsGAS3 (GenBank number: KU234689) and included in the phylogenetic analysis. Phylogenetic analysis showed that it was grouped with the clade-I GASs as predicted, further supporting our hypothesis that the Cichorioideae and the basal subfamily Barnadesioideae retain the clade-I GASs ( Figure 3A ).
Considering possible co-evolution of the next metabolic step in STL biosynthesis, we examined phylogenetic distribution of GAOs in relation to GASs ( Figure 1B) . Interestingly, our analysis revealed a similar pattern with two clusters similar to that of GASs ( Figure 3B specialized metabolism and DNA sequence in the Asteraceae [25] , the physical juxtaposition of GAS and GAO by genomic rearrangement was a likely scenario leading to synchronized expression and ultimately STL biosynthesis, consistent with the co-occurrence of TPS/P450 sets in sequenced plant genomes [26] . As a unit, the GAS/GAO tandem produces GAA leading to the simplest germacranolide (e.g. costunolide) -the non-enzymatic degradation and cyclization of which opens the gateway to diverse elemene, eudesmane and guaiene classes of STLs [5, 27] . (Table 2 ). All positions containing gaps and missing data were eliminated. The branch lengths are measured in the number of substitutions per site. Brackets indicate clades of GASs and GAOs. Enzymes from the Barnadesioideae and the Cichorioideae are indicated by bold and underlined labels, respectively. Non-Asteraceae enzymes are framed. 
